An analysis of simulations using the IPSL-CM5 climate model of general circulation shows the ability of this model to reproduce the current climate of the main blocking characteristics obtained from reanalysis data, including number of blocking events and their duration, intensity and frequency. Possible changes of blocking characteristics in the Euro-Atlantic region (EA) and for the Northern Hemisphere (NH) as a whole are estimated from model simulations with the RCP2.6 and RCP8.5 scenarios for the 21st century. Results of the model simulations show a general increase in the blocking frequency for the EA in winter, summer and for the entire year during the 21st century for both analyzed RCP scenarios, while changes of the opposite sign are characteristic for NH as a whole. It is also noted that there is a tendency for an increase in the blocking intensity in the EA during the winter from model simulations with both analyzed RCP scenarios for the 21st century. A significant increase is obtained in the EA for the likelihood of extreme winter with the total blocking duration longer than seven weeks. Also, a similar tendency is characteristic for the EA summer.
Introduction
In the midst of global climate change, the impact of climate extremes may have significant ecological and social consequences with a major role in human activities, including agriculture and economics (Field et al., 2012) . Mature regional weather and climate anomalies are connected with long-lived atmospheric blocking anticyclones, which lead to the occurrence of heat waves with fires in summer and heavy frosts in winter (Rex, 1950; Charney and De Vore, 1979; Lejenas and Okland, 1983; Obukhov et al., 1984; Agayan and Mokhov, 1989; Lupo et al., 1997 Lupo et al., , 2012 Mokhov and Petukhov, 1997; Wiedenmann et al., 2002; Barriopedro et al., 2006; Mokhov, 2006 Mokhov, , 2011 Bardin, 2007; Kreienkamp et al., 2010; Sillmann et al., 2011; Semenov et al., 2012; Masato et al., 2013; Mokhov et al., 2013) . Long-term (about 2 months) blocking of zonal circulation in the Northern Hemisphere (NH) midlatitude troposphere initiated the anomalous heat for the European part of Russia in 2010 (Mokhov, 2011; Lupo et al., 2012) . According to Mokhov et al. (2013) , modern climate models are able to reproduce such modes of blocking in the atmosphere. Using data produced by the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM) (Lupo et al., 1997) demonstrated that under the conditions of global warming caused by the doubling of atmospheric СО 2 concentration, the intensification of extreme effects, connected with winter blockings and leading to extreme frosts, is expected (see also (Mokhov, 2006) ). Similarly, the connection of winter blocking events with Arctic basin sea-ice modes is significant (Semenov et al., 2012) . In spite of the recent increases in global temperatures, cold winters have occurred during the last five years across the Northern Hemisphere, in particular, within the European (Sillmann et al., 2011; Semenov et al., 2012) and North American (in 2014) regions.
In this study, estimates of blocking characteristic tendencies are demonstrated for the Euro-Atlantic (EA) region and for NH in general. These estimates are based on simulations of climate using an atmospheric global circulation model for the 20th-21st centuries (with anthropogenic forcing) using the blocking definitions and characteristics described in Lupo et al. (1997) , Wiedenmann et al. (2002) and Mokhov et al. (2013) . This study using the methods described in Section 2 is unique to the published literature, and will update the results of Lupo et al. (1997) using a more advanced modeling system. The results comparing the observations to the model are described in Section 3, and the model projections for the 21st century are given in Section 4. general circulation model (GCM) (Dufresne et al., 2013) with a grid resolution of 1.15°× 2.5°latitude/longitude. These were used to create three scenarios: historical (data for the 30-year period 1976-2005) , and two anthropogenic projections (data for the 30-year period 2071-2100); a) the RCP2.6 (weaker anthropogenic forcing), and b) RCP8.5 (stronger anthropogenic forcing).
Representative concentration pathway (RCP) scenarios concern plausible pathway towards reaching each target radiative forcing trajectory, e.g., Moss et al. (2010) . The RCP8.5 scenario provides for the increase of greenhouse gas (GHG) concentration during the 21st century to 1370 ppm (CO 2 equivalent) by 2100 (and reaching an effective anthropogenic radiative forcing at 8.5 W m − 2 ). The RCP2.6 scenario provides for reaching the GHG peak concentration of 490 ppm (CO 2 equivalent) by mid-century (anthropogenic radiative forcing at around 3.1 W m −2
) and then the decline of this forcing thereafter (anthropogenic radiative forcing at 2.6 W m −2 in 2100) (Moss et al., 2010) . To obtain a blocking climatology for a comparison with the historical simulation, we used the NCEP/NCAR reanalysis data (NNR) (Kistler et al., 2001) . When considering blocking events in Euro-Atlantic (EA) region (60 W-60E) during the summers of 2003 and 2010, it is important to examine the ability of GCMs to reproduce blocking characteristics in this sector, and also these parameters' tendencies for change. In our previous study (Mokhov et al., 2013) dedicated to this problem, the IPSL-CM3 (Institute Pierre-Simone Laplace Climate Model) GCM was used. It was shown, that this model reproduced not only common features of blocking characteristics such as distribution in EA and NH, but also duration of the blocking episode of 2010 was sufficiently reproduced. Additionally, the current version of this model (IPSL-CM5A) was used, and it was included in CMIP5 project, e.g., Dufresne et al. (2013) .
Blocking anticyclones were detected using a modified version of the Lejenas-Okland (LO) criterion described in Lupo et al. (1997) and Wiedenmann et al. (2002) . The Lejenas-Okland (LO) criterion (Lejenas and Okland, 1983 ) is defined as the difference between the 500 hPa geopotential height at 40 N and 60 N. We choose these two latitudes similar to those in Wiedenmann et al. (2002) . Thus, the LO index is given by:
These latitudes were chosen since they are the values output by IPSL-CM5A-MR that are closest to the original formulation of the LO index. In Lejenas and Okland (1983) , blocking is specified to occur when the LO index is negative over a sufficient longitudinal width. In order to meet this requirement, the next relationship that must be fulfilled is:
where l is the longitude. Block intensity (I) is determined by normalizing the geopotential height value at the anticyclone center (Z m ) through the use of the height contour that best represents the blocking anticyclone (C r ). Therefore, I is given by:
where 100.0 and 1.0 are constants chosen such that I varies between 1 and 10 on any given day. In order to minimize subjectivity, C r was determined in the following manner: (a) C r must represent the full wavelength between the trough lines of the upstream and downstream troughs, (b) C r may not be a closed contour, and (c) C r is the middle contour of contours meeting the first two criteria. (If two contours satisfy (a) and (b), then the contour with the higher value is chosen.) Z m represents the grid point with the maximum 500 hPa geopotential height value in the closed blocking anticyclone region or on the ridge line associated with the block. Therefore, I is a measure of the average maximum height of the block over its lifetime normalized to adjust for daily and regional anomalies. In Table 1 , the blocking characteristics, obtained from the historical simulation and NCEP/NCAR reanalysis data for 30-year period , are compared. For the entire year in NH as a whole we get sufficient agreement for all analyzed blocking characteristics. Differences between mean blocking parameters from model simulations and reanalysis data do not exceed five percent. The correspondence of the model and observed blocking shown in Table 1 is an improvement over the model simulations to observations found in Lupo et al. (1997) , especially for block intensity an duration.
A comparison of the different seasons in Table 1 provides evidence for better reproduction by the model for blocking characteristics in NH during summer rather than in winter, except mean blocking duration. For the summer, the model slightly overestimates the blocking events' mean number with a slight underestimation of blocking intensity and frequency (number of blocking days) (4%). The largest underestimate for the mean blocking duration does not exceed 7%. In the winter, the mean intensity (5%) and blocking day number (6%) are slightly underestimated, while the mean duration is slightly overestimated (5%). The most remarkable model characteristic underestimated was noted for blocking occurrences (11%). Thus, these results show that the IPSL GCM improves the annual variability of blocking parameters from the earlier publication, but as in Lupo et al. (1997) the summer blocking occurrences were largely overestimated, while winter frequencies were vastly underestimated. Additionally, across the entire NH, Lupo et al. (1997) showed that block intensity was underestimated by 15-25% in all seasons. The IPSL GCM block intensities (Table 1) are much closer to the ones observed.
In Fig. 1 the cumulative distributions for the NH blocking occurrences (ordinate) versus duration (abscissa) for summer and winter are shown. The distributions for individual block durations, obtained from NCEP/NCAR reanalysis (NNR) and from the historical simulation are close to each other for summer but display a greater difference during the winter season.
Euro-Atlantic region
According to Table 1 In the winter and summer seasons within the EA, the mean blockings' duration is the characteristic best reproduced by the model (the difference was only 1-3%). The mean blockings' intensity is slightly overestimated by the model during the summer and winter seasons (by 5% and 6%, respectively). The blockings' frequency in days (underestimated by 8% in winter and 16% in summer) and the number of blocking events (underestimated by 11% in winter and 17% in summer) are reproduced less well.
It should be noted that in the EA both IPSL-CM5 simulations and CCM model results from Lupo et al. (1997) demonstrate general underestimation for blocking frequency (blocking days) and mean number of block occurrences, as well as for mean intensities during the winter (and for the entire year). However, there was little overestimation of the total mean blocking duration for both the summer and winter seasons in EA by the model (Table 1) . Table 2 shows characteristics of blocking anticyclones, obtained from historical simulations for the modern 30-year period , and from the RCP2.6 and RCP8.5 simulations for the last 30 years of the 21st century.
Model estimates of possible changes in blocking characteristics during the 21st century

Northern Hemisphere as a whole
For the entire year a general weakening of blocking activity was obtained for the NH as a whole at the end of the 21st century according to both scenarios, apart from the increase in the blockings' mean duration according to the RCP2.6. In Lupo et al. (1997) , blockings are expected to be generally more persistent but weaker in a warmer climate. Similar tendencies for blockings are also noticed for NH in the summer season from the IPSL GCM simulations with the RCP2.6 scenario. The main difference in the tendencies for the winter season is connected with the total increase in the number of blocking events' number by the end of the 21st century from both scenarios. Also, the decrease in blockings' mean duration in the winter season is noticed not only for the RCP8.5, but also for the RCP2.6.
It is notable that the number of blocking event increases in the winter season, and the decreases in summer and for the entire year from both scenarios are similar to the results of Lupo et al. (1997) . The tendencies for decreases in blocking intensity from both scenarios (except RCP8.5 for winter) are also in accordance with Lupo et al. (1997) . The change of blocking intensity for RCP8.5 was not noticed in the winter season. For the mean blockings' duration only a decrease during the summer season in RCP8.5 and increase for the entire year in RCP2.6 are consistent with Lupo et al. (1997) . For winter simulations using both the RCP2.6 and the RCP8.5 show a decrease of mean blocking duration, while it increased for the summer season in RCP2.6. The tendency for blocking days to decrease is similar to Lupo et al. (1997) only for the summer season in both scenarios. The decrease in blocking frequency during the winter in both RCP scenarios is associated with a corresponding decrease of the mean blocking duration in the NH as a whole, in spite of the increase in the number of blocking events.
Euro-Atlantic region
For the EA, changes in the character of blocking events have an essential difference from the general tendencies for the NH. In this region, the tendencies for block occurrences and number of blocking days are increasing by the end of the 21st century, and this is obtained from both scenarios (Table 2) . At the same time, however, the mean values of blocking duration and intensity for the entire of year are decreasing.
The increase in the occurrence of EA blocking events and blocking days by the end of the 21st century are obtained also for the winter and summer seasons in both scenarios (except according to RCP2.6, any change in summer season blocking events is not noted). The opposite tendencies are obtained for the mean blocking intensity in the EA during the summer (decreasing) and in the winter (increasing). The mean duration of blocking events in the EA during the winter season is decreasing for both RCP scenarios with an increase in summer for the RCP2.6 scenario and without any noticeable change for the RCP8.5 scenario.
It is notable that for both RCP scenarios there was a tendency for an increase in blocking days within the EA for the entire year and for winter, and this is similar to the results of Lupo et al. (1997) . In the summer Table 2 Characteristics of blocking anticyclones, obtained from historical simulation (historical) for modern 30-year period (1976-2005) , and from RCP2.6 and RCP8.5 simulations for the last 30 -years of the 21st century. season, the blocking frequency (blocking days) is also increasing by the end of the 21st century according to both RCP scenarios, while in Lupo et al. (1997) it is decreasing for a warmer climate. For the number of blocking events, there is a tendency for an increase in the EA for the entire year, the winter, and summer for both RCP scenarios (but no change in summer season blocking for RCP8.5), and this is consistent with Lupo et al. (1997) for the winter and for the entire year. According to Lupo et al. (1997) , the decrease for summer blocking events in the EA can be expected for a warmer climate. The obtained tendency here for a decrease in the blocking intensity during the summer season within the EA for both RCP scenarios is in accordance with Lupo et al. (1997) .
For the winter season, the intensification of blocking in the EA was noted for both the RCP2.6 and RCP8.5 scenarios. A similar tendency was noted in Lupo et al. (1997) for their continental regions. Changes in blocking duration found in this study differ significantly from those obtained in Lupo et al. (1997) both for the winter and summer seasons. Fig. 2 shows the number of years with different numbers of blocking days during the winter and summer seasons in the EA for three 30-year periods: 1976-2005 and at the end of the 21st century for the RCP2.6 and RCP8.5 scenarios. It is noted here that in winter and summer, there are more years with a greater number of blocking days at the end of the 21st century from simulations using both RCP scenarios. This could result in some regions having anomalously cold winters and anomalously warm summers in a globally warmer climate.
According to the results found here, a significant increase in the likelihood of extreme winter and summer conditions might be found in the EA by the end of the 21st century associated with long lived blocking events (7 weeks or more). This increase is larger than 20% for the RCP2.6 and larger than 40% for the RCP8.5 in winter. In summer this increase is larger than 10% for RCP2.6 and about 30% for RCP8.5.
The noted increase in frequency of long-lived blocking seasons in the 21st century both in winter and summer is accompanied by a corresponding decrease in frequency of short-lived blockings. Longer lived blocking events were also found in the results of Lupo et al. (1997) .
Summary and conclusions
An analysis of simulations using the IPSL-CM5 GCM shows the model's ability to reproduce the main blocking characteristics for the current climate. The most remarkable differences between blocking characteristics obtained from model simulations and the reanalysis data for the NH as a whole were obtained for the winter season with an underestimation of the total blocking numbers from model simulations by 11%. A remarkable underestimation from model simulations was noted also for the number of blockings in the EA during the summer and winter seasons, but, as a whole, the results obtained from the IPSL GCM simulations display a significant improvement in the ability to reproduce the climatological characteristics of blocking events in comparison to earlier less comprehensive model simulations, e.g., Lupo et al. (1997) .
The results of the analyzed model simulations show a general increase during the 21st century in the number of blocking days for the EA region in the winter, summer and for the entire year for both analyzed RCP scenarios, while changes of the opposite sign are characteristic for the NH as a whole. The obtained tendencies showing an increase in the blocking frequency within the EA are related to an appropriate increase in the number of blocking events (except for RCP2.6 in summer). The general decrease in the blocking frequency for the NH as a whole is accompanied by changes of opposite sign in the number and duration of blocking events, but with a dominating tendency of decrease (for number of blocks not for their duration). A significant increase in likelihood of extreme winter and summer conditions is noted in the EA (with the total blocking duration longer than 7 weeks, in particular).
For the entire year, all analyzed characteristics of blocking activity in the NH as a whole display general tendency for decrease at the end of the 21st century (except for the mean blocking duration in the RCP2.6). For blocking intensity, such a tendency for decrease was obtained as well for the summer and winter seasons (except in winter for the RCP8.5 there were no remarkable changes). Similar tendencies were noted in the EA for the entire year and in the summer season. A different tendency, an increase in blocking intensity by the end of the 21st century was detected from the model simulations in the EA during the winter for both of the analyzed RCP scenarios. 
